Hepatocellular carcinoma (HCC) has been ranked as the third leading cause of cancer-related mortality worldwide. Typically, patients are already in advanced stages of liver cirrhosis at the time of HCC diagnosis. Because HCC is often detected at a late stage and is highly aggressive, noninvasive biomarkers are urgently needed for early diagnosis. Recent advances in gene-expression profiling technologies have enabled molecular classification of HCC into defined subclasses that provide a firm basis for further study of potential mechanisms and biomarkers underlying the development of HCC. This study applied an integrated oncoproteogenomics approach to identify and characterize HCC biomarkers. Specifically, this study integrated proteomic, genomic, and transcriptomic methods to obtain protein expression profiles of urine and tissue samples from HCC patients and from normal controls. Two mediators of inflammation were positively identified: S100A9 and granulin protein markers, which belong to the cytoplasmic alarmin family of the host innate immune system. These HCC-associated
Introduction
Proteomic technology enables large-scale profiling of global protein expression and systematic monitoring of proteins and protein variation in the diverse landscape of cellular translation. Therefore, it enables in-depth analyses of host and pathogen interactions. The emergence of databases of complete human and animal genomes and computer modeling now enable protein-level analysis of proteomes in samples from diverse biomedical sources by coupling various proteomic strategies with state-of-the-art mass spectrometry (MS) [1, 2] . The diverse and intricate protein components identified in proteomes of biological tissues and cells can then be compared with in silico peptide maps derived from enzyme-digested proteins or genomic databases deposited in assorted databanks. Thus, instead of using conventional analyses of protein chemistry for global characterization of cellular proteins, researchers are now combining proteomic/genomic analyses with fast-evolving MS instrumentation. Methods of characterizing and sequencing genomic alterations in various biological specimens are also rapidly improving. The next logical step is identifying functional changes in the human proteome caused by genomic alterations or other environmental factors and then performing clinical studies to identify and validate protein biomarkers of these changes.
Integrating advanced genomic analysis with proteomic characterization not only has great potential use for discovering useful biomarkers, but it may also drive the development of new diagnostics methods and therapies. Increasing use of these new approaches thus sets the stage for development of new molecularly targeted cancer interventions [3] .
Tumor heterogeneity is widely considered the main cause of ineffective and unsuccessful cancer treatment. Therefore, an improved understanding of the effects of complex proteomes in cancer cell microenvironments is urgently needed [4] . Novel applications of proteomic technology, particularly in translational medicine, have been reported in clinical studies of cancer [5] . For example, coupling proteomic approaches with bioinformatic mining of the human cancer genome has proven useful for elucidating molecular mechanisms related to tumorigenesis. Many other novel applications of proteogenomic and onco-proteomic methods have been reported in the recent literature [6e9].
Hepatocellular carcinoma (HCC) is the third and the first leading cause of cancer-related mortality worldwide and in Taiwan, respectively [10, 11] . A major etiological factor in HCC is cirrhosis, which is usually caused by chronic infection with hepatitis B or C virus, nonalcoholic fatty liver disease, and alcohol abuse [12] . Many HCC patients are initially diagnosed with chronic liver diseases, resulting in replacement of normal tissue with fibrous tissue [13] and gradual progression to an incurable stage of HCC. The widely varying pathological manifestations and etiologies of HCC as well as its high potential for multiple genomic aberrations have resulted in an obstinate treatment for HCC. The biggest therapeutic advance in the past decade, which is the introduction of the multi-kinase inhibitor sorafenib, only extends life expectancy by 8e11 months [14] . Because of its limited therapeutic efficacy, improved molecularly targeted therapies, such as therapies for inhibiting cyclin-dependent kinase 9 [15] or MET [16] , are urgently needed. Moreover, barriers to developing effective therapies for HCC highlight the need for new noninvasive biomarkers for early detection and diagnosis/prognosis in this refractory class of liver cancer.
Current cancer diagnostic methods still rely on tests for classic cancer biomarkers (e.g., tumor antigen markers carbohydrate antigen-125, carbohydrate antigen 19-9, and carcinoembryonic antigen combined with histopathological analysis of tissue biopsy samples. The specificity and sensitivity of these methods are inconsistent [17] . Currently, abdominal ultrasonography and measurement of serum afetoprotein are the two main tools for detecting HCC at an early stage [18] . However, the expertise needed to perform abdominal ultrasonography and the poor sensitivity and specificity of a-fetoprotein have limited their diagnostic and prognostic use. By contrast, recent developments in proteomic technologies now enable reliable high-throughput identification of protein mixtures in biological tissues, which provides a good basis for understanding the complex proteomic profiles of various biological samples, including tissues, cells, plasma, and urine [19, 20] . Moreover, qualitative and quantitative studies of proteins by rapidly evolving state-of-the-art proteomic methodologies such as shotgun proteomics enable comprehensive global analyses of protein expression profiles in various cancer types, including HCC [21e23]. Although researchers have used onco-proteomics to identify biomarkers, its use for identifying tumor-specific peptides is limited due to the complexities of tumor genomes and transcriptomes such as point mutations, copy-number aberrations, unusual splicing variants, and gene fusion [24, 25] . Extensive genomic studies performed in recent years indicate that novel genomic amplifications, mutations, and deletions occur frequently in HCC [26, 27] . For example, a novel HCC-promoting gene, FGF19, is reportedly amplified in HCC cells harboring the 11q13.3 amplicon [28] . Sawey et al [28] further showed that 11q13.3 amplification could be a useful biomarker of the response to anti-FGF19 therapy. Advances in gene-expression profiling technologies have also enabled the molecular classification of HCCs into defined subgroups based on genomic and proteomic analysis data, which provide a good basis for performing more informative clinical trials [29] . Because it links cancer proteomics to genomics and transcriptomics, onco-proteogenomics is considered an important new research tool and strategy. By integrating and applying advanced methods of detecting various tumorspecific changes in the proteome, onco-proteogenomics can provide, an in-depth understanding of tumor initiation, progression, and responses to treatment [24, 25, 30] . By incorporating MS-generated data with genomic information, onco-proteogenomics also enables a comprehensive understanding of how cellular networks and canonical signaling pathways are dysregulated in various cancer types. Several previous studies have applied multiple proteogenomic strategies to characterize cell lines and primary tumors in colorectal, gastric and other cancer [30e32].
The objective of this study was to identify effective and noninvasive diagnostic biomarkers for early detection of HCC. Potential biomarker candidates were identified by characterizing and comparing urinary proteins between diseased and control groups by gel-free shotgun proteomic analysis coupled with stable isotope dimethyl labeling and nanoscale liquid chromatographyetandem MS (nano-LCeMS/MS) as reported previously [33e38] . We also report the use of our recently developed strategy for identifying biomarkers by combining conventional cancer genomics with rapidly evolving proteogenomic methods [24, 25] , that is, onco-proteogenomics. Using the proposed strategy to detect tumor-specific changes in human cancer genomes and transcriptomes provides important insights and enables a comprehensive understanding of how oncogenic signaling pathways are dysregulated in various cancer types such as human HCC, which we report herein, and gastric cancer, which we will report in a future study.
Basic MS-based proteomic methodologies and platforms Sample collection
All procedures used in this study were approved by the Clinical Research Ethics Committee at Kaohsiung Medical University Hospital, Kaohsiung, Taiwan, and written informed consent was obtained from all participants. Forty patients who had been diagnosed with HCC but had never received cholecystectomy were enrolled in the disease group. Another 40 patients who had no history of HCC diagnosis but had received cholecystectomy were enrolled in the normal control group. Urine samples (50 mL) were collected from each participant and concentrated by centrifugation. After protein assay using Coomassie Protein Assay Reagent, each sample was stored at À80 C until further analysis.
Gel-free shotgun MS-based proteomics
MS-based proteomic technology has progressed rapidly in the past decade. The main strategies for performing proteomic studies can be classified as bottom-up and topdown approaches. Bottom-up approaches characterize proteins by analyzing peptides released through proteolysis. By contrast, top-down approaches use direct electrospray ionization of proteins followed by gas-phase fragmentation for MS analysis [39e41].
A mixture of proteins, such as a whole cellular proteome, can be analyzed by a bottom-up approach known as shotgun proteomics. First, intact proteins are either chemically or enzymatically cleaved to peptides. The resulting peptides are typically separated by LC followed by MS/MS, which generates characteristic fragmentation patterns of peptides [42] . Peptides are identified by comparing the peptide MS/MS pattern with theoretical MS/ MS patterns generated by in silico digestion of a protein database. Proteins are then identified by mapping the identified peptides back to proteins based on a userdefined protein database. Because peptides can be either uniquely assigned to a single protein or shared by more than one protein, the identified proteins require further scoring and grouping according to their peptides. Sophisticated computational tools have been developed to enable automatic analysis of vast amounts of data generated by shotgun proteomics.
For a complex protein mixture such as the entire cell lysates, multidimensional LC is the shotgun proteomic approach typically used to reduce sample complexity and to increase the dynamic range of protein identification [22, 23] . Currently, multidimensional LC is routinely used for femtomolar detection and measurement of thousands of proteins, within several hours. In recent years, gel-free shotgun proteomics combined with LC-MS/MS has been the preferred method of analyzing complex samples because it is highly automated and has high throughput and sensitivity. Recently developed MS methods can be used not only to identify proteins in a mixture, but also to determine relative levels of protein expression in one or more samples. That is, gel-free shotgun proteomics has paved the way to quantitative proteomics by circumventing conventional semi-quantitative gel-based proteomic methods based on image analysis of protein spots on twodimensional gels. In this study, protein expression in urine samples from HCC patients and normal controls was profiled by shotgun proteomics using nanoLCeMS/MS and stable isotope dimethyl labeling (described below), followed by protein database searches for, and characterization and quantification of, detected biomarkers.
Stable isotope dimethyl labeling-based quantitative proteomics
Isotope dimethyl labeling is applicable for any protein sample and, compared to other quantitative methods based on stable isotope labeling, is simpler, more reliable, and more cost-effective [43] . This proteomic method was developed in 2003 by Hsu et al [44] . As shown in the following chemical equation, heavy (deuterium) and light (hydrogen) isotope formaldehyde were reacted with primary amines (the N terminus and the side chain of lysine residues) in a peptide mixture to form Schiff bases.
Reduction of cyanoborohydride then generated dimethylamine groups as shown below.
Isotope dimethyl labeling provides high reaction efficiency and selectivity without major byproducts [45] . Triplex or even more labeling tags have been used in multiplex isotope dimethyl labeling methods developed to facilitate time course studies and comparisons of multiple states (e.g., doseeresponse curves), or multiple disease stages [46] . The multiplex isotope labeling strategy improves protein quantification accuracy by analyzing multiple protein samples in one experiment, which minimizes variation in LC separation and MS detection procedures [47, 48] . Figure 1 . Potential urinary biomarkers for HCC were identified by an onco-proteogenomic approach. Urine samples from patients diagnosed with HCC and from normal controls (n Z 44) were analyzed by quantitative proteomics. Identified candidates were further analyzed and selected using genomic/transcriptomic approaches. HCC Z hepatocellular carcinoma.
Stable isotope dimethyl labeling-based quantitative proteomics for monitoring cancer progression in personalized medicine
Trends in protein expression dependent on disease progression can be identified by signals in the MS1 spectra of individual isotope tags, which represent the protein expression levels in corresponding disease stages. A protein is identified by its exact peptide mass in the MS1 scan (precursor mass) and by its characteristic fragmentation patterns in the MS2 scan. In this study, peptide and fragment masses were identified by peak lists converted from the nanoLC-MS/MS spectra. Specifically, the Mascot program (http://www.matrixscience.com) was used for searches/comparisons against the Homo sapiens taxonomy in the SwissProt databases for exact matches in a bioinformatics database [49, 50] . Bioinformatic analyses of signaling pathways, proteineprotein interaction networks, and clustering of time-dependent up/downregulation protein markers were then used to elucidate mechanisms underlying the progression of the studied disease.
Gene ontology and pathway analysis
The Database for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resources [51] were used to perform gene ontology (GO) analyses to determine which functional processes were differentially represented in the protein list obtained from quantitative proteomic analyses of urine samples from HCC patients and normal controls.
The up-and downregulated proteins from proteomic analysis were used for GO analysis.
Genomic and transcriptomic data analysis
All cancer genome datasets and bioinformatics tools used to visualize different parameters in analyses of genomic and transcriptomic data were accessed through the MSKCC cBio Core homepage (www.cbioportal.org) [52] . Co-occurring gene amplifications in HCC were identified by analyzing the Cancer Genome Atlas (TCGA; 193 tumor samples). Comparison of copy number aberrations and gene expression was also based on available TCGA datasets for HCC.
Preliminary results obtained by shotgun quantitative proteomics and oncoproteogenomic analyses
Many studies have investigated methods of diagnosis and early detection of HCC based on hepatitis B virus surface antigen concentrations in serum and in urinary aflatoxin metabolites. Several epidemiological studies have indicated that environmental factors, including alcohol use, tobacco use, and dietary exposure to aflatoxins, at least partly explain the high incidence of HCC [53] . Some biomarkers that have shown high specificity and accuracy for detecting HCC are not applicable for all environmental and genetic causal factors in HCC [54] . Additionally, potential biomarkers may be present at low concentrations whereas interfering proteins may be abundant in a wide dynamic range. Our recent pilot study showed some success in using an onco-proteogenomic approach to compare biomarkers from tissues and urine of HCC patients and normal controls [55] . The current study used an optimized shotgun-based quantitative proteomic strategy to analyze urinary proteins in each of 44 pairs of HCC patients and normal controls. Further cross-analyses of these proteomic results with genomic and transcriptomic data (Figure 1 ) revealed urinary HCC biomarkers with potential use individually or in combination with other biomarkers. As Figure 2 shows, two major protein biomarker candidates were identified with high confidence levels in quantitative proteomic analysis of differentially expressed proteins in urine samples from HCC patients. Figure 2 shows that urinary proteins were characterized and compared between the disease and control groups (n Z 44) by using gel-free shotgun proteomic analysis coupled with stable isotope dimethyl labeling [23, 44] and nanoLC-MS/MS [46] . Differentially released proteins were identified by dimethyl labeling, enzyme digestion, and peptide mass fingerprinting followed by comparison of urinary-peptide quantification ratios (D/H) between HCC patients (deuterium labeling) and normal controls (hydrogen labeling). Approximately 1000 proteins were systematically mapped in the 44 pairs of urine samples. Figure 3 shows that expression levels of 91 identified proteins significantly differed (p < 0.05). Of these, 83 were upregulated (red shaded areas), and eight were downregulated (green shaded areas) proteins. Cluster analysis of D/H ratios further revealed two subgroups of the 44 patients: a subgroup that had numerous upregulated proteins (34 patients) and a subgroup that had relatively more separate and distinct expression profiles (10 patients). These differences suggest that, for early diagnosis, multiple biomarkers may provide better prediction accuracy compared to individual biomarkers.
Quantitative proteomic analysis of differentially expressed proteins in urine samples from HCC patients by a shotgun approach
Next, a GO analysis of the quantitative proteomics results was performed to pinpoint proteins and processes underlying the changes in urinary proteomes observed in HCC patients (Figure 4) . Interestingly, proteins overexpressed (D/H > 1.5, p < 0.05) in HCC patients in comparison with healthy controls were linked to signal peptides, response to wounding, acute inflammatory response, calcium ion binding, and a-amylase activity ( Figure 4A ). Figure 4B shows that downregulation of proteins was significantly correlated with microtubule motor activity with D/H < 0.5 and p < 0.05 and microtubule motor activity. The roles of signal peptides, cytokines, and secreted proteins have been studied extensively because of their important roles in the HCC tumor microenvironment [4] . Therefore, urinary peptides may reflect signals or signatures involved in cancer cellehost interaction and inflammatory process [52] . The criteria for further analysis of a "hit" were penetrance of at least 50% and a D/H value > 1.5; of the 25 proteins that met these criteria ( Figure 4C ), the top six were ROBO4, AXL, S100A9, TFF2, ARSA, and GRN ( Figure 4D ). In adults, ROBO4 expression is reportedly confined to vasculature and is overexpressed in tumor endothelial cells in comparison to normal endothelial cells [56] . Several candidates were related to HCC proliferation and invasion. The AXL promotes tumor invasion through transcriptional activation of Slug in HCC, and inhibiting AXL suppresses Slug expression and invasiveness in HCC cell lines [57] .
Use of onco-proteogenomics for discovering HCC biomarkers
In recent years, HCC has been the most rapidly increasing cause of cancer-related mortality in Taiwan [11] and the United States (US) [58] . Because HCC is highly aggressive Figure 3 . Hierarchical clustering of proteins that showed significant (p < 0.05) differences in expression between urine samples from HCC patients and from healthy controls (n Z 44). Wilcoxon signed-rank test with paired setting was used to calculate p values. Heat map was constructed by R package "pheatmap" (R Foundation foe Statistical Computing Vienna, Austria) with default settings. The value shown in the heatmap is the quantification ratio (D/H) of peptides identified in urine from HCC patients (deuterium labeling) to that in urine from normal controls (hydrogen labeling). HCC Z hepatocellular carcinoma. and is often detected at an advanced stage, most HCC patients are ineligible for transplantation or liver resection. Therefore, biomarkers for early detection and noninvasive diagnosis and prognosis of HCC are urgently needed.
The use of recently developed proteomic methodologies, for example, shotgun proteomics, for qualitative and quantitative analysis enable not only identification of protein mixtures in biological tissues with high reliability and high throughput, but also comprehensive global analysis of protein expression profiles in various cancer types, including HCC [20e23]. However, a remaining obstacle to using onco-proteomics to identify tumor-specific peptides is the complexities of human cancer genomes and transcriptomes, for example, point mutations, copy-number aberrations, or unusual gene-splicing variants [24] . Oncoproteogenomics is a new research strategy that solves this problem by integrating proteomics, genomics, and transcriptomics for detection of tumor-specific changes in the proteome. Thus, onco-proteogenomics enables in-depth understanding of the initiation and maintenance of tumors as well as their responses to drug treatments. Notably, the United States National Cancer Institute has established a proteogenomics program that integrates cancer genomics and proteomics [59] . Combining MSgenerated data with genomic and transcriptomic information, reveals how oncogenic signaling pathways are dysregulated in various cancer types, including colorectal and gastric cancer [30e32].
Because onco-proteogenomics technology enables largescale systematic monitoring of HCC genomes and corresponding protein variations in the translational landscape of cancer cells, onco-proteogenomics is an ideal tool for identifying potential biomarkers for early diagnosis of HCC. Notably, researchers have focused on identifying biomarkers in urine, which is stable compared to other body fluids and can be obtained noninvasively in large quantities. Figure 4 and Table 1 show that the integration of proteomic, genomic, and transcriptomic analyses in the proposed proteogenomic approach revealed significantly higher coamplification of S100A9 and GRN (p < 0.001) and significantly higher co-expression of S100A9 and GRN (p < 0.01) in HCC tumors and urine samples compared to controls. Notably, co-amplification of S100A9 and GRN was also associated with poor survival in HCC patients. Overall, our data suggest that S100A9 and GRN in urine have potential use as combinatorial biomarkers for early diagnosis of HCC. Our data also indicate the feasibility of using oncoproteogenomics to elucidate the complex relationships among proteomes and to identify protein biomarkers applicable in patient-specific translational medicine, that is, personalized translational therapy.
Conclusion and future perspectives
Due to rapidly improving algorithms and software for shotgun proteomic data analysis, the gel-free shotgun approach to quantitative proteomics is now as accurate as conventional shotgun genomic approaches. Given its advantages, the gel-free shotgun approach should be considered as the method of choice and preferred methodology for elucidating the complex relationships between human proteomes and various genome-related diseases. Methods currently used for diagnosis and prognosis of HCC are generally unsatisfactory because HCC is difficult to diagnose at an early stage, has a high recurrence rate after surgery, and is resistant to chemotherapy. The aims of this study were to provide an overview of newly developed platforms for using highly sensitive noninvasive diagnostic tools for profiling protein expression and to evaluate the use of shotgun proteomics coupled with an integrated oncoproteogenomics methodology, to improve understanding of HCC carcinogenesis and progression and to discover novel diagnostic and therapeutic methods. The focus of this study was identifying and characterizing HCC biomarkers. By examining and analyzing protein expression profiles in urine and tissues from HCC patients and normal controls, we have already positively identified two inflammation mediators, that is, S100A9 and GRN. These protein biomarkers in the alarmin family are found in most cells, especially immune cells such as monocytes and macrophages. This group of inducible endogenous cellular proteins or peptides is secreted from cells upon infection or inflammation and has a vital regulatory role in the host innate immune system [59e70]. Thus, the HCC-associated cancer-specific biomarkers described herein may contribute to dysregulatory processes associated with inflammatory and autoimmune conditions, as well as tumorigenesis and cancer metastasis. Moreover, they have potential use as combinatorial biomarkers for early diagnosis in personalized precision medicine.
